The ability to survive freezing has repeatedly evolved across multiple phyla. This suggests that 2 3 the mechanisms of freeze tolerance must be readily evolvable from basal physiological traits.
Introduction

4
The occurrence of species range edges is one of the central problems in biogeography range edges are due to biotic interactions, while poleward range edges are due to abiotic effects 4 7 (Louthan, Doak, & Angert, 2015) . Given that minimum temperatures have the steepest and most 4 8 consistent latitudinal gradient (Sunday, Bates, & Dulvy, 2012) , this suggests that low temperature To quantify genetic differences between the two geographic sites, single nucleotide Components Analysis (PCA) within R (prcomp function; PCA presented in Figure S3 ).
4 6
We tested whether there was evidence for selection on the differentially expressed 2 4 7 transcripts at either of the two geographic sites. As with the MAF estimates, the 'before thawing' 2 4 8 samples, PCR duplicates, and secondary mapping were removed. Samples were grouped into two groups by geographic site, with each of the two groups were comprised of 36 individuals total 2 5 0 (12 samples of three individuals each). A pileup file was generated and Tajima's D (Tajima, 2 5 1 1989) estimates were generated for both locations using PoPoolation (Robert Kofler et al., 2011) .
5 2
Within PoPoolation missing values were assigned for base calls of a phred score <20 and a 
Results
5 9
Assessing freeze tolerance 2 6 0 Supercooling point (mean = -3.2 ± 0.51 °C) did not differ between barnacle populations, nor did 2 6 1 SCP differ with basal diameter of test (p > 0.4 for both terms, n = 8 -15 per population).
6 2
Barnacles from the White Sea had significantly higher survival at both exposure temperatures (81 2 6 3 -95% vs. 27 -78%; Figure 2 ; deviance explained = 48.4, df = 1,18, p < 0.001), and exposure to 2 6 4 -10 °C significantly decreased survival in both populations relative to exposure at -6 °C (deviance 2 6 5 explained = 74.8, df = 1, 17, p < 0.001; n = 92 -152 for each combination). for the British Columbia population. Of these, an average of 14.2 million reads/library in the
White Sea population and 13.1 million reads/library in the British Columbia population passed 2 7 1 quality control by Trimmomatic. These reads were then used to assemble a de novo 2 7 2 transcriptome using Trinity, which was then reduced to 61,881 sequences using CD-HIT-EST. Of these, a total of 61,779 were matched to taxonomic hits by Diamond. We then filtered non-2 7 4 metazoan sequences (RNA viruses, algae, and other microorganisms) out using MEGAN, and were left with a total of 46,535 sequences that were an average of 1277 base pairs long (N 50 = 2 7 6 1084 bp). An average of 4.84 million reads/library in the White Sea population and 3.63 million 2 7 7 reads/library in the British Columbia population were mapped to the final transcriptome. We found the patterns of significantly differentially expressed transcripts after a freezing event 2 8 0 differed strongly between the two populations ( Figure 3, Figure 4 ). In the more freeze tolerant by 977 significantly upregulated transcripts).
Identities of differentially expressed transcripts
The identities of the top differentially expressed transcripts following freezing were 2 9 2 functionally very different between the two populations. The few transcripts that both (annotated by Blast2Go as "proto-oncogenes"; Table 1 ). In the British Columbia population, the 2 9 5 most noticeable pattern is the massive upregulation of transcripts during the freezing event 2 9 6 (>9000 transcripts, Figures 3 and 4) . This included several ribosomal RNAs, mitochondrially-2 9 7 encoded electron transport chain subunits, and histone methyltransferases and deacetylases annotated as "macrophage mannose receptors" which are functionally assigned the "carbohydrate transcripts following freezing ( Table 2 ). Two transcripts that were identified as E3 ubiquitin The functions of the transcripts similarly differed significantly between the two 3 1 9 populations (Tables 2, 3, Figure 5 ). In the British Columbia population, we found significant terms, and by 28 hours following freezing there was significant enrichment of 56 GO terms in the notable of these enriched terms included "UDP-glucose-6-dehydrogenase activity" and 3 2 6 "scavenger receptor activity". By contrast, in the White Sea population, as we had no significant 3 2 7 differential expression of transcripts during freezing, we did not find any significantly enriched 3 2 8 GO terms at this timepoint. While we did not find any significant enrichment of GO terms 3 2 9 among upregulated transcripts in the White Sea population four hours following recovery, we did 3 3 0 find a series of terms associated with the electron transport chain including "oxidoreductase 3 3 1 activity", "heme-copper terminal oxidase activity", and "hydrogen ion transmembrane activity" 3 3 2 that were significantly enriched among transcripts that were significantly downregulated at this transcripts that encoded only mitochondrially-encoded electron chain subunits. By 28 hours of 3 3 5 recovery, the pattern had changed significantly with no enriched GO terms among the 3 3 6 downregulated transcripts, but among the significantly upregulated transcripts the terms "glycerol 3 3 7 transport", "cellular water homeostasis", and "water transport" were significantly enriched (which all were annotated as aquaporins). Using pathview and Gage to examine significantly enriched gene sets based on KEGG 3 4 0 orthology we found additional functional enrichment. In the British Columbia population, before 3 4 1 thawing we found significant enrichment of the "spliceosome" term and underrepresentation of "spliceosome", and underrepresentation of "Parkinson's disease", "Alzheimer's disease" and 3 4 5 "oxidative phosphorylation", although we note upon examination that the first two terms all in the White Sea population we observed significant overrepresentation of terms including 3 4 9 "ribosome biogenesis in eukaryotes", "spliceosome", and "bacterial invasion of epithelial cells"
at 28 hours following freezing, but no terms were overrepresented at any other timepoints. White Sea and British Columbia respectively, suggesting selective sweeps on these differentially-
expressed transcripts in each population (Table 4 ). Tajima's D estimates for aquaporins in the White Sea population averaged -2.6 compared to the average across differently expressed 3 5 9 transcripts of -1.42, indicative of a potential selective sweep in these transcripts (Table 4) . Intertidal organisms constantly risk freezing through the winter. We find, consistent with 3 6 2 our hypothesis, that the northern White Sea population of S. balanoides is significantly more al., 2014) and no genome-sequenced barnacles, so we assembled a de novo transcriptome to study transcriptional responses to freezing stress. In addition, the differing timelines of transcription 3 6 7 suggest two very different sets of processes taking place in each population following a freezing 3 6 8 event, which adds to our limited understanding of the molecular mechanisms of freeze tolerance. Finally, the low Tajima's D values on these differentially expressed transcripts suggests that local evidence of selection on transcripts associated with freeze tolerance in a natural population. One of the most puzzling results we found is the massive upregulation of transcripts during the freezing exposure in the British Columbia population (Figures 3 and 4) . There are freezing exposure. However this is difficult to reconcile with the generally-accepted rate of stress. The second hypothesis of degradation of mRNA due to osmotic shock or direct freeze-
induced damage is certainly possible, which could increase the total number of detected mRNA transcripts due to cleavage of larger molecules into several smaller ones. However, we note that
the average transcript length of these upregulated transcripts is significantly larger (1761 bp vs. degradation. We also note that, at least in Arabidopsis thaliana, low temperature tends to 3 9 0 increase mRNA half-life (Chiba et al., 2013) . The third hypothesis, cold-induced damage to 3 9 1 ribosomal structure or translation initiation machinery, is possible since translation is associated 3 9 2 with mRNA degradation (Bicknell & Ricci, 2017) . At least in bacteria, the ribosome is focused on ribosomal proteins (Phadtare, 2004) . In addition, we note several ribosomal mRNAs are among the top-upregulated transcripts in this experimental group, as well as several Finally, we also note that at 4 hours following freezing, we find that the KEGG term "ribosome
biogenesis" is significantly enriched among upregulated transcripts in the British Columbia 3 9 9 population, suggesting repair or rebuilding of ribosomal subunits (Table S1 ). If the ribosomes are proteins. Our study points to the importance of maintenance of protein stability at low In addition to direct effects on protein structure, we also saw very different patterns of White Sea population, we saw significant enrichment of GO categories associated with evidence and further structural information in this poorly understood system (Lind et al., 2017) .
The role of antifreeze proteins in freeze tolerance is unclear and little is generally known transcripts (>200) that were annotated with the term "macrophage mannose receptors" that were function to these based solely on a transcriptomic study, we do note that these are C-type lectins, designed to differentiate between the hypotheses of similar structure due to convergent evolution or by horizontal gene transfer, further sequencing studies may be able to address this point. One of the most consistent results we found in both populations is downregulation of Gynaephora groenlandica (Kukal, Duman, & Serianni, 1989) , and this may be a similar 4 6 2 phenomena. While we cannot distinguish between these explanations in this study, we 4 6 3 hypothesize that reducing mitochondrial activity facilitates freeze tolerance in our barnacles and 4 6 4 suggest studies isolating mitochondria to measure mitochondrial respiration and histology to 4 6 5 determine mitochondrial numbers following freezing stress. can control for genetic background and thereby infer the transcripts that are associated with 4 7 0 greater freeze tolerance. We find transcriptional evidence for protein damage during a freezing 4 7 1 event, and suggest that heat shock protein upregulation appears to be important for recovery from 4 7 2 freezing. We also document aquaporin expression associated with freezing in a third freeze mechanisms of adaptation to the poleward range margin in animals. for her invaluable advice for library preparation. Finally, we would like to thank Jantina 4 8 7
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